Abstract -The improvement of air quality is now an issue for all developed countries. In the European Union transportation is the main source of NOx pollution and the second most significant PM10 and PM2, 5 emission sources. The focus of the research is transportation PM10 emissions. The paper introduces a model of system dynamics for analysis of road transportation PM10 emissions. The developed model is then used to compare PM10 emissions in 4 cases, one of which is the baseline, while in the other 3 a variety of road transport emission reduction methods are implemented. The simulation results have shown that the highest daily PM10 emission reductions can be achieved by combining technological and administrative methods. Administrative methods (rush-hour driving tax and heavy vehicle traffic restrictions) turned out to be the most effective.
I. INTRODUCTION
In Europe the number of cars is increasing every year, cargo operations are dominated by road transportation. In the Baltic States (Lithuania, Estonia and Latvia) long-distance transport is well developed -in these countries accordingly 70%, 73% and 85% of freight is delivered by road. It is one of the most influential sectors in many aspects; one of them is environmental impact. The main environmental impacts of transportation are GHG emissions, increased noise levels and air quality deterioration. [1] Transportation is the main source of PM 10 and PM 2.5 emissions in European Union (EU). Particulate matter due to its diminutive dimensions is capable of penetrating deep into the human respiratory system and can cause serious harm to human health. According to the World Health Organization, living in the most polluted cities and regions can reduce a person's life expectancy by about two years. To protect human health, the European Union has set air quality standards for PM 10 and finer particle PM 2.5 fractions, but in many countries, including Latvia, pollution concentration exceeds these standards. [2] Although direct PM 10 and PM 2.5 emissions have receded by 14% in EU and 15% in 32 EEA countries over the time period from 2001 till 2010, part of the urban population (18-41% of the EU-15 and 23-41% of the EEA-32) are still exposed to high levels of PM 10 concentrations, exceeding EU regulated thresholds.
[3] Air quality standards in Latvia determe that the PM 10 concentration threshold for human health is a daily average of 50µg/m3 which should not be exceeded for more than 35 days a year. According to the Latvian Environment, Geology and Meteorology Centre data from a measurement station in Riga (Brīvibas 73), these conditions have been breached for the past 5 years. The use of sand-salt mixture and studded tires during the winter contributes to excess PM 10 concentration in several countries including Latvia.
Particulate matter pollution mainly consists of minerals: silicates, carbonates, oxides, phosphates. Vehicle emissions contain heavy metals (Pb, Cd, As, Ni) and black carbon. Dimensions of mineral particles are usually between 2,5µm and 10µm (PM 5 ). Mineral particles in fraction PM 2,5 occur more as a result of mechanical abrasion. Tire wear is the main source of organic compound particles. [4] When a vehicle is in motion PM 10 emissions are produced by car exhaust fumes, tire wear from contact with pavement surface, brake disc wear, road surface wear and particle resuspension. Exhaust gases contain carbon monoxide, nitrogen oxides, hydrocarbons, and are distinguished in fine and ultra fine fraction of PM particles. Studies have shown that the exhaust emissions are generally with particle size less than 1 μm. It is believed that the exhaust from internal combustion engines account for about 15% of the daily average of PM 10 concentrations. [5] The reduction of PM 10 emissions from exhaust gases is a responsibility of vehicle and fuel producers. It was proved that the greatest part (depending on the measurement site about 50 -85%) of transport PM 10 emissions are not produced by car exhaust. Therefore, it is significant to evaluate the mechanical abrasion PM 10 emissions resulting from the interaction between the road and the vehicle and find solutions to reduce them. [6] Particulate emissions from tire wear are dependent on various factors: tire physical and chemical properties, type (summer, winter, with / without spikes), surface properties (gravel/asphalt, asphalt type, surface roughness and surface maintenance), road surface management practices (cleaning, watering, spreading in winter), weight of the vehicle (passenger cars, commercial vehicles, etc.), speed and driving style, weather conditions. The studies on tire quality (including wear factors) are often made by producers themselves in order to create qualitative products with the lowest possible cost. Tire manufacturers today are, at least in words, trying to find sustainable and environmentally friendly solutions.
Abrasion resulting from tire material differs in size, shape and composition. It consists primarily of PAHs, elemental carbon and organic carbon. [7] PM 10 emissions from tire wear are studied in a number of scientific institutes. [6, 7, 9] Testing is carried out in both laboratory and field conditions. There are different simulators for evaluating tire wear in laboratories. The Swedish National Road and Transport Institute use the circular road simulator [9] . It is constructed so that tires move in a circle which is laid with selected coverage. The speed of the simulator can be varied from 0 -70 km / h, the type of doi: 10.2478/rtuect-2013-0009 vehicle can be chosen depending on the purpose of the research. This plant has shown an effective correlation between the tire wear in real conditions on the road and the simulator. The factors of tire wear emission can be determined using this kind of simulator. Brake wear is often discussed together with other characteristics of the vehicle, for example, tire wear or exhaust emissions. [6] Road surface properties are also an important factor. The road surface must withstand traffic flow intensity and natural factors (changes in temperature, water exposure).
The research is based on PM 10 concentration in urban environment, where most commonly used road coverage materials are asphalt concrete (AC), stone mastic asphalt (SMA) and porous asphalt (PA). During research carried out in Norway, the relationship between road surface and formation of PM particles was determined: the lower aggregate roughness and common Nordic abrasion value, the less PM particles are formed. Damaged road surfaces increase PM 10 emissions. [9] There are 72 440 km of roads in Latvia, the road network density is 1,122 km/km2 . 14 707 km of roads are covered with asphalt. More than 27% (2306 km) of them can be classified as outdated and being in need of complete reconstruction. Requirements for the quality of road and pavement in Latvia are determined by "Road Specifications 2012" that have been developed in line with European standards.
A study in Germany has found that 40 -50% of PM 10 emissions from transport are directly attributable to particle resuspension. Particulate matter deposited on road surface lifts up from the turbulent air flows caused by vehicle movement. On highways with heavy traffic PM re-suspension is mainly caused by heavy vehicles. [6] Transportation PM10 emissions are directly dependent on the intensity of road traffic. The correlation between PM10 concentration and vehicular traffic intensity can be seen in Table 1 , which contains data from 3 air PM10 concentration observation stations situated in Riga. PM re-suspension at these sites were calculated as
where E PM -re-suspended emissions E TPM --theoretically calculated emission index ∆C PM -PM concentration change near the road ∆C TPM -theoretically calculated PM concentration change near the road PM 10 emissions from transportation are closely related to technological means used for road maintenance. The Latvian winter maintenance season is almost half a year -from the 1 November until 31 March. Salt mixture with sand or gravel is traditionally used as the anti-slip material in order to increase the pavement surface coefficient of adhesion in winter conditions. Observations indicate that 2.5 hours after a dry road sanding PM 10 concentration increases by 75% and about 8 hours after spreading PM 10 emissions back to previous levels. [11] However, dust particles are still deposited on the road surface and can be re-suspended. The air quality problem in street canyons has been approached using different modeling techniques like composite lattice Boltzmann model [16] or WinOSPM [17] . These techniques are mathematical, while the dynamics method of the systems includes causal loop diagrams, which display the structure of the systems and components in a more transparent manner that helps to achieve the aim of this study more effectively.
PM 10 concentration in the immediate vicinity of the road depends on a number of factors; it is a complex system that is also constantly re-suspending dust particles deposited on the road surface. A tool, which is used to demonstrate the relationship between the various system parameters (the amount of light and heavy vehicles, building height, driving speed, etc.), is necessary to understand the behavior of such a system, predict possible changes and test PM 10 mitigation options. The system dynamic methodology can provide such a tool. The models of system dynamics have been used to analyze various complex systems for over 50 years. JW Forrester can be considered as the "father" of system dynamics. He began to use computer simulations for social system analysis in the middle of the 20th century. The introduced method was later named system dynamics and became an important aid for decision-making in diverse fields. System dynamics can be used for both technical and socioeconomic systems. It is widely used in environment-related fields, such as waste management, energy, environmental sociology. [13] [14] [15] The system is a set of elements where components interact with each other and cause significant system behavior. System dynamics make it possible to describe these different elements as components of the united system. The method is based on system behavior and the structure exploration in search of regularities and relationships between components. It is based on three key concepts:  stocks, flows, and feedback;  well-defined system boundaries;  causation, not correlation. The structure of the model is represented as a stock -flow diagram. The stock -flow diagram consists of four types of elements: stocks, flows, parameters and links (see Figure 1) . The stock is the amount that accumulates over time; the flow shows the changes in accumulation speed. 
III. DEVELOPMENT OF THE MODEL
The model of the developed transport PM 10 emission consists of one stock (PM10_emissions_in_air) with the outgoing and incoming flow. The stock accumulates the amount of airborne PM 10 in grams per 1 km street. The input flow shows the rate of PM formation (g / h) which is influenced by four main factors:
• vehicle exhaust emissions • tire and brake wear,
The outflow is PM 10 settling. PM 10 concentration is calculated by dividing the quantity of PM 10 in the air (g) by street notional volume. The notional volume of the street is calculated by multiplying the average height of buildings on the street with the width and length of the street (in this case 1000 m). The developed model can be used only for canyon type streets and roads. The structure of the transport PM 10 emission models is illustrated in Figure 2 . The vehicle exhaust emissions from tire and brake wear, coverage influence factor and re-suspension are dynamic values that vary depending on vehicle driving speed, traffic intensity and share of heavy vehicles. PM 10 emissions are also influenced by wind speed, air humidity, etc. factors independent from human action, which are not included in the model.
IV. PARAMETERS AND ASSUMPTIONS
PM 10 concentration in the air is calculated using following formula: (2) Where: C PM10 -PM 10 concentration in air C PM10 (t+dt) -previously accumulated PM 10 concentration As already stated, the main factors which influence PM 10 concentration in the air on the road are: vehicle exhaust gases, tire and brake wear, road surface wear and particle resuspension. These factors depend on road traffic intensity (number of vehicles), as well as the speed and type of vehicle (light and heavy vehicles). *
(3)
Where: A -tire and break wear; B -exhaust gas emissions; C -re-suspension; k-road surface influence factor Part of road transport PM 10 emissions come from brake and tire wear. This variable parameter is affected by four subparameters -emission factor for light vehicles, emission factor for heavy vehicles, number of vehicles and share of heavy vehicles. Break and tire wear emission values used in the developed model were taken from the project "Guideline development for preparation of vehicle-related PM 10 and PM 2,5 modeling in Latvian conditions" report and European Monitoring and Evaluation Programme "EMEP/CORINAIR Emission Inventory Guidebook -2007". Break and tire wear emissions vary depending on driving speed of the vehicle (see Figure 3) . In order to include the option of different road surfaces, which could prove to be useful in further research, tire wear emissions in the developed model are multiplied by coverage influence factor. The abrasion factor for new asphalt is 0,024 mg / km per passenger vehicle. This figure includes both tire and road surface wear. The particle size distribution shows that the surface wear is negligible (<10%). [6] More significant is the effect of asphalt surface roughness on tire wear. The best parameter to characterize surface roughness is maximum aggregate particle diameter (D max ). Road coverage influence factor for SMA 8 (Tone mastics asphalt) coverage is assumed to be 1. According to Snilsberg B., Myran T. and Uthus N. road coverage impact increases with increasing D max . (SMA 12 impact factor is 1.25; SMA 16 -1,5) [9] Emissions from a vehicle's exhaust gas are composed of four parameters: number of vehicles (units / hr), share of heavy vehicles (%), exhaust emissions from light vehicle and exhaust emissions from heavy vehicle (g per vehicle per km). Recorded vehicles in running order in Latvia are on average 12.3 years old. Most cars use gasoline engines. Vehicle emission factors used in this model were calculated using data from Yan Fang et al. research on fuel combustion PM10 emissions. [12] It was assumed that the average fuel consumption per vehicle on 100 km is 8 liters (0.08 liters per km). It was obtained that a light vehicle creates on average 0.0034 mg PM 10 emissions per 1 km. Heavy vehicle on 100 km creates on average 0.00102 mg of PM 10 per km.
Re-suspension depends on traffic intensity and share of heavy vehicles. Re-suspension emission factors are 0.9 g / km for light vehicles and 2,7 g / km for heavy vehicles.
The model operates under the assumption that PM 10 settling is only influenced by the force of gravity. Weather data (wind speed and direction, rain, ambient temperature and others) are not taken into account. Time delay for PM10 settling time is 5.475 h, which was calculated from the average settling time given by Dahl E [17] . Driving speed is assumed to be equal to the city speed limit in Latvia -50 km/h. The simulation is carried out for a canyon type street with specific characteristics (street width, the notional volume of traffic) from the street Brivibasin Riga. The selected time of the simulation is one day (24 h).
V. RESULTS AND DISCUSSION
The results of transport PM 10 emission models parameter sensitivity analysis and testing of 4 PM 10 emission mitigation policies are discussed in this section.
A. Parameter Sensitivity analysis
Parameters that have the strongest influence on PM 10 concentration were determined during the parameter sensitivity test (see Fig. 4 ). This test is implemented by experimenting with different parameter values:
1. Baseline; 2. number of vehicles reduced by 20%; 3. PM 10 settling speed increase by 20%; 4. heavy vehicle share increased by 20%; 5. re-suspension emission rate reduction by 20%;
6. tire and brake wear emission factor increase by 20%; 7. vehicle exhaust emission increase by 20%.
The results of the analysis of parameter sensitivity are illustrated in Fig. 4 . Figure 4 shows that changing parameters as described in the results of scenarios e) and f) are almost the same as the baseline scenario (1). Thus it can be concluded that the influence of changes in emission factors from the exhaust gases, as well as tire and brake wear emission factors on PM 10 concentrations is weak. The most sensitive parameters are the number of vehicles and re-suspension emission factors. Scenarios a) and d) (reduced number of vehicles and re-suspension emissions) are the furthest from the basic scenario; however they are very similar to one anothertheir parameter sensitivity is similar. Changes in PM 10 settling speed have slightly less impact on PM 10 concentration. Changes in the share of heavy vehicles had an unexpectedly high impact on the system. The results of the analysis of sensitivity are also useful for the development of PM 10 mitigation policies, since they show which parameter change would give more significant results and which would be useless. In this case it is evident that, in order to reduce PM 10 concentrations, pressure should be applied in order to reduce the number of vehicles and resuspension emission factors. Positive results can also be gained by PM 10 acceleration of settling speed and reduction of heavy vehicle share in traffic.
B. PM 10 mitigation policies
Based on the analysis of the parameter sensitivity, three main points of force application were chosen: PM 10 settling speed, re-suspension and the number of vehicles. PM 10 concentration reduction tools can be divided into two groups:
1. Technological tools (road cleaning, wetting, use of chemical suppressants);
2. Administrative tools (traffic restrictions, air quality taxes).
Four different action policies were developed aiming to reduce PM 10 concentration levels: 
C. Simulation results
The pollution mitigation policies described in the previous section were simulated using the developed transport PM 10 emission model. The simulation time is 24 h. Simulation results -PM 10 concentration changes during one day (24h) -are shown in Fig.5 . As seen in Figure 5 , the highest daily PM 10 concentration reduction is achieved in scenario C, where both technological and administrative tools are applied. Total PM 10 reductions in this scenario are 28.6% in comparison to the baseline scenario. The day's peak PM 10 concentration decreases by 10 µg/m3. The second most effective is proved to be scenario B1, which combines a rush hour fee with heavy vehicle traffic restrictions. The diversion of heavy traffic on roundabout roads helps to reduce peak PM 10 concentration by 5 µg/m3. Scenario B -only the introduction of a rush hour fee is much less efficient, in this case it would be more profitable to use the technological means as in scenario C. Since the difference between the efficiency of scenarios C and B1 is low and scenario B1 requires less routine maintenance work (assuming the urban agglomeration infrastructure allows a discharge of heavy vehicles on roundabouts), it would be advisable to investigate B1 scenario further including the cost -benefit analysis.
VI. CONCLUSIONS PM 10 air pollution formation system from road transport is a large and complex system, with a number of parameters. The method of system dynamics is a useful tool for the assessment of transportation PM 10 pollution and the testing of PM 10 mitigation policy. Four PM 10 mitigation policies were analyzed in this research along with the baseline scenario. It was determined that the most effective is scenario C, where both administrative and technological PM 10 pollution mitigation tools are used. Scenario B1 (only administrative PM 10 mitigation methods -rush hour fee and heavy vehicle traffic restrictions) was the second most effective. Peak PM 10 concentration in scenarios C and B1 differs only by 5 µg/m 3 , therefore it would be useful to carry out the cost-benefit analysis of these policies to decide which one is more appropriate for Riga.
The developed model of transport PM 10 emission can be used to assess PM 10 concentration for streets with different characteristics. In order to get more realistic results, the model should be supplemented with data about the effects of braking, acceleration and the driver's driving style on break and tire wear.
By supplementing the model with economic parameters and weather data, it can be used for cost-benefit analysis of PM 10 mitigation policies or to determine in which weather conditions or at what time the methods of pollution mitigation should be introduced.
